ABSTRACT The abundant grid-connected power electronic devices and non-linear loads used widely have caused power system harmonic pollution. Harmonic detection is very important for selective harmonic compensation used to improve the power quality. To detect the individual harmonic component accurately and fast, a harmonic extraction based on generalized trigonometric function delayed signal cancellation (GTFDSC) is proposed to extract the fundamental component or the desired harmonic component. The proposed GTFDSC can be used to accurately extract the desired harmonic component under various harmonic scenarios because of its excellent filtering capability. What's more, the parameters of the GTFDSC can be flexibly designed according to the distribution of the harmonic series of the input signal, thereby reducing the delay time and the number of operators. Furthermore, the GTFDSC is self-adjustable to fundamental frequency deviations by introducing the frequency feedback loop, and it is able to achieve excellent filtering capability and fast dynamic performances. Lastly, the experimental results are provided to verify the effectiveness of the proposed method.
I. INTRODUCTION
The mass applications of grid-connected power electronic devices [1] , [2] and nonlinear loads in the power systems have caused the power quality problems that include voltage and current harmonic distortions, which indicates that the harmonic studies become an increasingly important issue. Usually, the active power filters (APFs) as compensators have been widely used to compensate the harmonic current [3] - [5] . Recently, the distribution generating (DG) units can also have the harmonic compensation capability [6] , [7] . Harmonic detection technique plays an important role in these compensators. For example, in Fig. 1 , a harmonic detection block is used in the three-phase APF to feed the reference signals into the current controller.
To detect the harmonic components, various harmonic detection methods have been presented [8] - [24] . Most of these harmonic detection methods have the ability of attenuating or eliminating the undesired harmonic components. Typical harmonic detection methods by attenuating the other harmonics include multiple second-order generalized integrators (MSOGI) [8] , multiple complex coefficient filter (MCCF) [9] and multiple reference frame (MRF) [10] . Through the mathematical analysis in [11] , all the aforementioned harmonic detections have identical small-signal models, and they have the similar filtering capability and dynamic performances. So, take the MSOGI method as an example. In [8] , the MSOGI can achieve a good steadystate error by using a harmonic decoupling network and SOGI subsystems even under highly distorted grid condition. But the number of the SOGI subsystems that MSOGI needs must be the same as the number of the harmonics that their magnitude is non-negligible in the input signals. Actually, only several harmonics need to be detected, therefore these methods are lack of selectivity, and many subsystems are redundant.
Next, some advanced harmonic detections used to extract the desired harmonic component by eliminating the other harmonic components have been developed [12] - [23] . Firstly, the discrete Fourier transform (DFT) can be used to extract the desired harmonic component in the frequency domain. To reduce the number of calculations, the fast Fourier transform (FFT) and sliding DFT have been presented [14] - [17] . But, these methods require at least one-cycle settling time. In order to alleviate the drawbacks of slow dynamics, a generalized DFT has been proposed [18] . When grid frequency undergoes variation, the GDFT must use a variable sampling period to adapt the time window factor N , but the variable sampling rate can cause restrictions on the Grid-Side power electronic Converter (GSC) controller [19] . Another harmonic detection called cascaded delayed signal cancellation (CDSC) is proposed in [20] and [21] . Usually, CDSC made up of several DSC operators has the ability of eliminating most of the harmonics [22] , [23] . Unfortunately, it needs many operators to eliminate all harmonics in theory and the computational burden is large. So it needs to make a compromise between the steady-state error and the number of the DSC operators.
To achieve high steady-state accuracy and fast dynamic performance, this paper proposes a harmonic extraction based on generalized trigonometric function delayed signal cancellation (TFDSC) [24] (GTFDSC) to completely extract the fundamental component or desired harmonic component under various distorted harmonic scenarios. The proposed GTFDSC is made up of the TFDSC operator and harmonic extraction (HE) operator, the former can be used to completely reject arbitrary harmonic series with only one operator, and the latter can be used to completely extract any desired individual harmonic component from the harmonic series with only one operator. Due to the perfect filtering capability and enough flexibility of the GTFDSC, it can achieve the high steady-state accuracy and fast dynamic performance for detecting harmonic components. In addition, the GTFDSC can realize frequency adaptability by introducing the frequency feedback loop (FFL) to avoid using the variable sampling rate.
The paper is organized as follows. The theory of GTFDSC is explained in Section 2. Section 3 presents the harmonic extraction with the proposed GTFDSC. The experimental results are described in Section 4. Section 5 sets out the conclusions.
II. PRINCIPLE OF THE PROPOSED GTFDSC METHOD A. THE TFDSC OPERATOR
The expressions of the trigonometric function delayed signal cancellation (TFDSC) in the dq-frame and the αβ-frame are [24] dqTFDSC(s)
where ω f is the fundamental angle frequency (2π = ω f T , T is the fundamental period), p is integer, t is arbitrary delay time. Their transfer function can be expressed as
Therefore, the TFDSC operator can be used to eliminate the harmonic series h = kT / t + p. The harmonic series can be chosen, because t is adjustable. By selecting the values of t and p, arbitrary harmonic series can be canceled out by the TFDSC operator.
Again, the operator can be cascaded to reject more harmonic series step by step, and the cascaded transfer function can be expressed as
One TFDSC operator can be used to eliminate one harmonic series, so the cascaded TFDSC operators can be used to reject more harmonic series. Moreover, the individual harmonic series can be completely separated from the specific harmonic scenario by several TFDSC operators.
B. HARMONIC EXTRACTION OPERATOR
According to the expression of G i TFDSC (s), the Taylor polynomial expansion about
According to (2) , the harmonic series kT/ t i + p i can be rejected by TFDSC operator. To extract the individual harmonic component, define a new harmonic extraction operator HE, its transfer function is G hi E (s) and its expression is
Where h i is the desired harmonic component, and t i is the corresponding delay coefficient. From (4) and (5), when h i belongs to kT/ t i + p i (0 < i < l) and s → jh i ω f , then 
C. CONSTITUTION OF THE PROPOSED GTFDSC
Usually, the harmonic scenarios may contain several harmonic series. Now, the individual harmonic component from the harmonic scenarios cannot be extracted completely by only operator HE (G hi E (s)). In order to solve this problem, a method called generalized TFDSC (hereafter called GTFDSC) is proposed in Fig. 2(a) , where the structure is mainly composed of the cascaded operator G 
According to the characteristics of the operator TFDSC and HE, the parameters of the proposed GTFDSC are determined by the distribution of the harmonic series in harmonic scenarios. Firstly, the proposed GTFDSC can use the TFDSC operators to cancel out all harmonic series except one harmonic series that contains the desired individual harmonic component. Then, the desired individual harmonic component from the rest harmonic series can be completely extracted by the HE operator. In Fig. 2(a) , the cascaded operator G 1,2,...l TFDSC (s) can be used to cancel out all undesired harmonic series, and only one harmonic series is completely separated. Then the desired harmonic h m from the remaining harmonic series h = kT / t m + p m can be extracted by the G h m E (s). Similarly, the other harmonic components can be extracted by the GTFDSC. In Fig. 2(b) , the h i belongs to kT/ t i + p i , and any individual harmonic component can also be extracted by adjusting the parameters of the GTFDSC. From Fig. 2(a) , the transfer function of the proposed GTFDSC for extracting the harmonic h m can be expressed Fig. 2 , the proposed GTFDSC has both the filtering capability of the cascaded G 1,2,...
TFDSC (s) and the harmonic extraction capability of the HE(s).
By adjusting the parameters (delay time factor t i , p i and h i ) of the GTFDSC, the desired individual harmonic component can be completely extracted from the harmonic scenarios. To display the design flexibility of GTFDSC, the parameters of GTFDSC under different harmonic scenarios are given in Table 1 . Usually, the amplitudes of even harmonics are very small, so they are seldom found in practice applications. The non-triple odd harmonic scenarios h = −1, 6k + 1(k = 0, ±1, ±2 . . .) are typical in grid voltage signals [11] . And non-triple odd harmonic scenarios h = 6k + 1(k = 0, ±1, ±2 . . .) is typical in current signals, which is generated by the symmetrical diode rectifier loads in three-phase power systems [25] . When the asymmetrical diode rectifier loads have happened in three-phase power systems, the current scenarios are h = 6k ± 1(k = 0, ±1, ±2 . . .) [26] .
Take high distorted harmonic scenarios h = 6k ± 1 as an example. According to the structure diagram in Fig. 2(b) , if the desired single harmonic component belongs to the harmonic series h = 6k + 1. Firstly, the proposed GTFDSC will use the block G 1 TFDSC (s) with t 1 = T/6 and p 1 = −1 to reject the harmonic series h = 6k − 1, then the single harmonic component from the remaining harmonic series h = 6k + 1 can be extracted by the block G h2 E (s) with p 2 = 1 and t 2 =T/6. Similarly, the desired single harmonic component from h = 6k − 1 can also be extracted by G 2 TFDSC (s) and G h1 E (s). The total time of the GTFDSC is t total = t 1 + t 2 = T/3 for extracting every individual harmonic component in this condition. Hence, from the Table 1 , the delay time of the proposed GTFDSC can be adjusted according to the specific harmonic scenarios, and the unnecessary delay time can be avoided.
III. GTFDSC FOR HARMONIC DETECTION A. STRUCTURE OF THE GTFDSC FOR HARMONIC DETECTION
Equation (5) 
where
, according to the complex shift property of Laplace Transforms, it can be obtained
From (9) and (10), the detailed implementation of the G h m E (s) is shown in Fig. 3 . A harmonic detection system based on the GTFDSC is proposed to extract the harmonic components of the harmonic scenarios. The control structure of the harmonic extraction system is shown in Fig. 4 , where the proposed GTFDSC has two functions, firstly, the block TFDSC is used to cancel out all undesired harmonic series. Secondly, the block HE can extract the desired harmonic component from remaining harmonic series. Usually, the input signal consists of several harmonic series, and the desired harmonic component h i belongs to the harmonic series kT/ t i + p i . When other harmonic series have been canceled out by the block TFDSC, the desired harmonic h i will be extracted by the block HE from the kT/ t i + p i .
From (11) and Fig. 3 , the output signals of the GTFDSC hi are in the corresponding dq-frame because of θ = h i ω f t, namely, the dq component of the harmonic h i can be obtained. If the phase of the desired harmonic h i should be detected, it can be got by the block SRF-PLL hi in the diagram.
From Table 1 , there are different harmonic scenarios, and the corresponding parameters of GTFDSC will be changed to achieve the shortest delay time. In a three-phase power system, the non-triple odd harmonics h = 6k ± 1(k = 0, ±1, ±2 . . .) are the typical current harmonic scenario generated by the asymmetrical diode rectifiers. In this harmonic condition, the harmonic scenario consists of the harmonic series h = 6k + 1 and h = 6k − 1. From Fig. 4 , the individual harmonic component of the harmonic series h = 6k + 1 can be extracted by the corresponding block HE h1 with t = T/6 after the harmonic series h = 6k − 1 has been eliminated by the operator G 2 TFDSC (s) with the parameters t 2 = T/6, p 2 = −1. Likely, the individual harmonic component of the h = 6k − 1 can be extracted by the corresponding block HE h2 with t = T/6 after the harmonic series h = 6k + 1 has been eliminated by the G 1 TFDSC (s) with t 1 = T/6, p 1 = 1. So the total delay time is T/3 (T/6+T/6) for extracting every harmonic component in this harmonic scenario. Usually, the phase of the fundamental positive-sequence component needs to obtain. For the other components, only their dq component should be obtained.
In Fig. 4 , the phase of the fundamental positive-sequence component is estimated by the SRF-PLL. And the control parameters of SRF-PLL can be designed according to [24] . Because the GTFDSC can be used to eliminate all undesired harmonics fully in this harmonic scenario, so the high bandwidth can be chosen, and ω n is selected 10ω f − 45ω f . Such high bandwidth can make the SRF-PLL obtain fast dynamics.
B. COMPARISONS BETWEEN GTFDSC AND CDSC
Among many harmonic extraction methods, the CDSC has high design flexibility by adjusting the number of DSC operators in the applications, and it also has good dynamic VOLUME 7, 2019 performances for detecting the desired harmonic components in specific. To highlight the advantages of the proposed GTFDSC, detailed comparisons between GTFDSC and the CDSC are presented.
The two methods can be flexibly applied in the different harmonic scenarios. To provide more clear comparisons, take the typical harmonic voltage scenario h = −1, 6k + 1(k = 0, ±1, ±2 . . .) as an example. According to [20] , the transfer function of the CDSC to extract the positive sequence 7 th harmonic (+7) is:
From equation (11) , all the harmonic series h = 12k + 1, h = 24k − 5, h = 48k − 17 and h = 48k − 1 have been canceled out by CDSC with total delay of (1/12 + 1/24 + 1/24 + 1/48)T ≈ 0.17T, then the +7 component will be obtained. The bode plots to extract the +7 component is illustrated in Fig. 5(a) .
And, the transfer function of the proposed GTFDSC in this harmonic scenario to extract the +7 component can be designed as
where the G 1 TFDSC (jω) is used to eliminate the negative sequence component with t 1 = T/48 and p 1 = −1. Then the +7 th component can be completely extracted by G +7 E (jω) from the harmonic series h = 6k + 1. It can be clearly observed that only the harmonic h = +7 can go through with unity gain and zero phase shift while all other harmonics are completely rejected, i.e., zero magnitude, can be seen. In addition, most of the sub-harmonics and all high frequency noise can be attenuated. The total delay time of GTFDSC is (1/6+1/48)T = 0.1875T, and the settling time is similar to that of CDSC. Similarly, the bode plots of GTFDSC to extract the +7 th component is illustrated in Fig. 5(b) . Fig. 5 illustrates that the proposed GTFDSC method can achieved better filtering capability, which helps to further attenuate the inter-harmonics and high order harmonics. For the CDSC method, which made up of four operators, the harmonic series h = 48k + 7 cannot be rejected, moreover, the harmonics around h = 48k + 7 cannot be attenuated to a great extent in this condition. Of course, these harmonics can be attenuated by CDSC with more operators, but the delay time and complexity of CDSC will be increased. Again, the number of the operators in GTFDSC is determined by the distribution of the harmonic series, and that in CDSC is closely associated with the distribution of every harmonic, especially, the low-order harmonic component. For example, individual harmonic component from one harmonic series can be extracted by GTFDSC with only one operator HE (G h i E (s)). However, CDSC need several operators to extract the individual harmonic component, and the number of the operators will increase to achieve more accurate steadystate error.
Therefore, the proposed GTFDSC has obvious advantages in aspects of the filtering capability and the number of the operators.
C. FREQUENCY ADAPTABILITY OF GTFDSC
The real-time grid frequency f est need to be estimated, while the grid frequency is changed. And it is not appropriate to calculate the delay time by using normal frequency for the block GTFDSC in Fig. 4 . Therefore, the diagram of the non-adaptive GTFDSC should be modified. To realize the frequency adaptability, a frequency feedback loop (FFL) has been introduced, as shown in Fig. 6 .
The operator TFDSC also has been arranged to work into the αβ-frame in this control structure, but the operator HE +1 should work into the loop of the SRF-PLL because of the frequency disturbance. Next, the G 0 E (s) and SRF-PLL are reconfigured into a new structure HE-PLL used to estimate the phase of the fundamental positive-sequence component and the grid frequency.
To easily drive the small signal model of the adaptive GTFDSC in Fig. 6 , it is assumed that the grid frequency is nominal value, so the frequency feedback loop (FFL) can be ignored. According to the analysis of [24] , the small signal model of the GTFDSC can be derived and shown in Fig. 7 . Then, the PI regulator can be designed based on the small 
By approximating the G 0 E (s) with its first-order counterpart
Combing (13) and (14) yields
For open-loop transfer function with a third polynomial in the denominator, the symmetrical optimum method is suitable to design the control parameters [24] , [27] . The parameter k p1 and k i1 can be calculated in the following forms:
where b is selected to be 2.4, as it makes the HE-PLL transient response fast and well damped, and guarantees HE-PLL's stability [27] . From (15) , the delay time t of the G 0 E (s) determines the parameters of the adaptive GTFDSC. Considering the non-triple odd harmonics h = 6k ± 1 in Table 1 , the t of the G 0 E (s) is set to be T /6 to extract the fundamental positive-sequence component from the harmonic series 6k + 1. From (15) and (16), the t is closely related to the dynamic performances of the HE-PLL. And the shorter the t is, the faster the dynamic response of the adaptive GTFDSC is. How to reduce the delay time t, it is a significant advantage of the proposed GTFDSC method. First, the harmonic scenario h = 6k ± 1 is divided into three harmonic series 6k − 1, 12k − 5 and 12k + 1. The harmonic series 6k − 1 can be eliminated by the operator G 1 TFDSC (s) with t 1 = T/6, p 1 = 1 in Fig. 6 , and the harmonic series 12k −5 can be rejected by the operator G 3 TFDSC (s) with t 3 = T/12, p 3 = −5. Then the fundamental positive-sequence component can be extracted by the G0E(s) with t = T/12 which is shorter than the former delay time t = T/6. And the dynamic performances of the HE-PLL will be improved further. Meanwhile, the number of the operator TFDSC has become three. Namely, the shorter the delay time t is, the more the number of the operator TFDSC is. After compromising between the dynamic performances and the number of the operator, the delay time t of the G 0 E (s) is selected as T/12 to extract the fundamental positive-sequence component from the harmonic series 12k + 1, and the other harmonic series can be eliminated completely by the operator TFDSC with the G 1 TFDSC (s) and G 3 TFDSC (s) respectively. Therefore, the control parameters of the adaptive GTFDSC can be obtained as, k p1 = 2/(b t) = 500, k i1 = 4/(b 3 t 2 ) = 104166.67.
Then, the feedback loop of f est should be designed. In Fig. 6 , the frequency f est should be feedback to the operator TFDSC and HE to calculate delay time. There are two loops with feedback variables asθ +1 and f est because of the frequency feedback. And, the loop of f est must work slower than the loop ofθ +1 to maintain stability [22] . So, the frequency When the grid frequency undergoes a jump, the discretized error in the practical implementation should be required special attention. This kind of problem has been resolved with linear interpolation method [27] , and the method can also be adapted for this paper.
IV. EXPERIMENTAL RESULTS
The effectiveness of the proposed GTFDSC is confirmed by the extensive experimental results. Experiments are carried out under grid voltage with the non-triple odd harmonics, even frequency variations, which is supplied by the three-phase programmable power source Pacific Power Source-360AMX to simulate the various distorted grid conditions. These signal were acquired using 14-b AD converters and processed in a floating point Texas TMS320f28335 DSP. The sampling frequency f s is selected at 9.6k Hz. There are two cases used to evaluate performances of the proposed harmonic extraction method.
Case 1 (Typical odd harmonic series):
The typical non-triplen odd harmonics h = ±1, ±5, ±7, ±11, ±13, are added, accompanied by the fundamental frequency positive-sequence (FFPS) component with a phase jump of −30 0 . The total harmonic distortion (THD) is calculated to be about 30% in this case.
Case 2 (harmonics with frequency variation:) The grid practical frequency undergoes a jump of +5 Hz. The harmonics in the second step of Case 1 are added in the beginning of the frequency variation.
In case 1, the harmonic scenario can be divided into two harmonic series h =6k±1(k = 0, ±1, ±2 . . .). According to the structure of the GTFDSC in Fig. 4 , the individual harmonic component can be extracted respectively. Fig. 8 shows the GTFDSC undergoes a transient time about 7 ms (6.67 ms from the GTFDSC and the rest from the SRF-PLL) to extract the dq components of the harmonic order h = ±1, ±5, ±7 in the case 1. It can also be seen in Fig. 9 that their phase can be detected by the GTFDSC with the same delay time. If the other harmonics need to be detected, they can also be extracted by the GTFDSC as shown in Fig. 4 .
To verify the filtering capability and dynamic performance of the adaptive GTFDSC, the highly distorted harmonic scenarios are designed under the case 2. It can be seen in Fig. 10 that the adaptive GTFDSC undergoes a long transient when the grid frequency jumps from 50Hz to 55Hz. Because that the frequency f est is achieved by a first order low-pass filter, and the loop of f est must work slower than the loop ofθ +1 to maintain stability. The adaptive GTFDSC takes around 1.2−1.5 cycles to trace the actual frequency. Then the dq components and phase of the desired harmonic can be detected by the adaptive GTFDSC with about 1.5 cycle (30 ms) in Fig. 11 . Therefore, both the filtering capability and the dynamic performances of the adaptive GTFDSC are quite acceptable even under highly distorted harmonic signals.
V. CONCLUSION
An accurate and fast harmonic extraction is proposed based on the combined operator GTFDSC in this paper. By analyzing the characteristics of the proposed GTFDSC in detail, it can be used to eliminate arbitrary harmonic series with a TFDSC operator and extract any individual harmonic component belongs to single harmonic series with a HE operator. Secondly, the proposed GTFDSC has high design flexibility in various harmonic scenarios by adjusting its parameters (included the number of the operators and delay time) to achieve fast dynamic response. Moreover, the proposed GTFDSC is designed to extract the individual harmonic component according to the distribution of the harmonic series, not that of the single harmonic, which can guarantee that the GTFDSC can achieve a good filtering capability and fast dynamic performances, even avoiding the redundant operators.
Many experimental results have been given to verify the excellent filtering capability and dynamic performances of the GTFDSC. Again, the frequency adaptive GTFDSC also has excellent filtering capability and good dynamic performances even under large frequency variation.
